In this paper we present the results of optical and spectral characteristics of the quasibinary glassy system Bi-As2S3. From the obtained spectra we determined the optical band gap and the level of structural disorder for different doping atoms content. The decrease of the optical gap with increase on Bi atoms content was discussed in terms of chemical composition and arrangement of structural units, using the Raman spectroscopy results. The Wemple-DiDomenico model was used to describe the refractive index behavior and correlations between linear and nonlinear optical quantities of investigated chalcogenides, yielding significant parameters for the structural analysis. Having obtained high values of nonlinear refractive index, potential applications of these materials in telecommunication systems are discussed.
Introduction
Chalcogenide glasses exhibit excellent transmission in the near and far infrared spectral region. They are high refractive index materials with a nonlinear refractive index typically 100 times greater than that of silica, especially those containing heavy metal elements [1, 2] . For these reasons chalcogenide glasses have been studied for ultrafast switching in telecommunication systems [3] . These glasses also have the advantage of high chemical and thermal stability, which allows production of easyto-prepare optical devices [4] [5] [6] . Furthermore, their photosensitivity and a possibility to modify the refractive index of the glass in a controlled manner, provide promising technique for obtaining channel waveguides [7, 8] , bypassing the standard photolithographic processes. Therefore, the design and production of optical components based on chalcogenide glasses require detailed information on their optical properties over a range of wavelengths.
In this paper, we focus our study on some optical and spectral characteristics of quasibinary Bi x (As 2 S 3 ) 100−x glassy system. We studied the changes in optical band gap E g and correlated it to the content of doping atom in arsenic-sulphide matrix. The Raman spectra analysis enabled the determination of particular structural units that have the most significant impact on material properties.
In addition, the aim of this work was to study linear and nonlinear optical properties of these glasses. In order to establish a correlation between the linear and nonlinear optical quantities, the Wemple-DiDomenico (WDD) model was applied for refractive index dispersion analysis. The obtained results were interpreted from the view- * corresponding author; e-mail: mirjana.siljegovic@df.uns.ac.rs points of structural modification of the amorphous matrix due to doping with Bi atoms, and their practical applications.
Experimental
The synthesis of chalcogenide glasses of quasibinary Bi x (As 2 S 3 ) 100−x system (x = 1.5, 3, 5, and 7 at.% Bi) was performed by the method of cascade heating, according to the regime described in the previous publication [9] . These compositions are selected with regard to the amorphous region boundaries on the phase diagram. To enable recording transmission spectra, glass samples with x = 1.5, 3, and 5 at.% Bi were mechanically processed with abrasive powders of different grain sizes to form planparallel plates of about 0.7 mm in thickness, and polished to a high gloss to avoid diffuse scattering effects. Transmission measurements were carried out using NIR Perkin-Elmer spectrophotometer model Lambda-950 in the wavelength interval of 400-2500 nm. The opacity of the glass with the highest content of doping atoms in this spectral region has prevented the spectral analysis for this sample. The refractive index dispersion was measured by the direct method of prism using a laboratory-constructed setup [10] . The prisms were prepared from the selected pieces of glass samples by mechanical treatment and polishing. The angles of prisms were measured by two-circle optical Enraf Nonus Y-881 goniometer with the accuracy of 2 . The Raman spectra were recorded at room temperature, using confocal Raman imaging system alpha 300 R (WITec) with the doubled Nd:YAG laser (532 nm) and in a backscattered geometry.
Results and discussion
The transmission spectra were used to determine the absorption coefficient α of the investigated glasses, according to the equation
where d is the sample thickness. The Vis-NIR absorption spectra are shown in Fig. 1 . According to Eq. (1), thickness of the samples has a significant impact on the absorption coefficient value. However, during the preparation it was not possible to achieve absolutely the same thickness for all the samples. Therefore, a small difference between the thickness values exists, as indicated in Fig. 1 and may have certain consequences on the discussion of the optical characteristics of the analyzed materials. In the high-energy region of the spectrum one observes two characteristic slopes. The steeply sloped line corresponds to the Urbach tail and the gradually sloped line corresponds to the weak absorption tail (WAT). It should be noted that part of the spectra corresponding to the Urbach tail is similar in different materials, while the WAT is a structure-sensitive property [11] . Therefore, WAT characterizes the loss factors in chalcogenide glasses [12] and is induced by additional band-gap states. Figure 1 also shows that the WAT amplitude is the highest for the sample with minimum content of Bi. The tail absorption originates in weak transitions between localized states deep in the gap and the extended states in the conduction band (or valence band), which can be expressed by the following equation [11] :
where e, m, c and n represent the electronic charge, mass of electron, velocity of light, and refractive index, respectively, f is the oscillator strength, ω max is the maximum optical transition energy in the tail absorption, V (E) is the volume of the localized states in glass, N (E) is the density of the localized states, and g(E) represents the state density of the opposite extended states in the transition process. In this interpretation WAT is associated with the deep potential fluctuations which may occur due to disorder, defects, or impurities [11] . Thus, increased tail absorption in glass with x = 1.5 at.% Bi, compared to the glasses with x = 3 and 5 at.% Bi is induced either by the high value of N (E) or by the high transition probability of the localized states. Another feature of the recorded absorption spectra is the red shift of the optical absorption edge as a function of dopant atoms content. The direct optical band gap E g values are determined from the plots of (αhν)
1/2 as a function of hν, by the extrapolation of the linear part of the curve (Fig. 2) . The obtained values are given in Table I .
The E g values indicate decreasing trend of the parameter E g with increased doping atoms content. Recalling the optical band gap value of As 2 S 3 glass of 2.35-2.40 eV [13] , it may be noticed that the presence of small amount of Bi atoms (1.5 at.%) significantly reduces this parameter. Further on, the decrease of E g with increase of dopant content can be approximated by a linear function. The significant red shift of the absorption edge can be explained either by increasing the length of As-S bonds without any particular changes in the structure or by dependence of the width of the localized states near the edge of mobility on disorder in the glass matrix [14] . Namely the existence of the defect structural units in the tails broadens the energy level of the tail band and narrows the optical gap [15, 16] .
The slope of the linear part in the area of the Urbach tail in Fig. 1 represents the width of the band tail due to the presence of the localised states described by the parameter E e [17] and enables further analysis of the parameter E g . The parameter E e is determined from the slope of the linear part of the plot ln α = f (hν), according to the relation
The obtained values are shown in Table I . Slightly higher slope of the linear part of the ln α = f (hν) curve, illustrated in Fig. 3 , can be noticed only for the sample with a minimum content of Bi. For other two samples these slopes are almost the same, see E e values in Table I . Considering the E e value of 81 meV for the undoped glass [18] , one may conclude that the largest effect on disorder caused by the induction of new defect occurs in the composition with minimum amount of doping atoms. This effect is consistent with the the largest WAT amplitude (Fig. 1) , registered for the composition Bi 1.5 (As 2 S 3 ) 98.5 . This could also be an explanation for the significant change in the optical band gap in comparison to the matrix band gap (Table I ). In terms of chemical bonds, it can be assumed that dopant atoms in this concentration form the bridge-like bonds with sulphur atoms, hence increasing the structural disorder. With further increase of Bi content, parameter E e converges to the matrix value. It all indicates that at the lowest concentration there are special effect associated with the nanocluster structure. For higher dopant content, Bi will be substituted and incorporated in As 2 S 3 matrix. The Raman spectroscopy of Bi 1.5 (As 2 S 3 ) 98.5 and Bi 3 (As 2 S 3 ) 97 chalcogenides was made to study modifications in structure influenced by bismuth doping. The recorded spectra, shown in Fig. 4 , clearly indicate a significant presence of realgar phase in the network structure of the glass with x = 1.5 at.% of Bi (peaks at 135, 145, 165, 185, 220, and 361 cm −1 ) [19] , that is, the existence of nanophase separation. On the other hand, it can be noticed that for the sample with x = 3 at.% intensities of Bi peaks attributed to the vibration of Bi 2 S 3 structural unit (185, 232, and 270 cm −1 ) [20] increase, indicating that the share of realgar phase decreases. The peaks at 310, 340, and 380 cm −1 observed for both samples correspond to the vibrations of structural unit As 2 S 3 [21] .
The refractive index dispersion curves of the samples are plotted in Fig. 5 and show usual dispersion behavior. They also indicate increase of the refractive index n with Bi content and typical values for chalcogenide glasses. The application of the Wemple-DiDomenico model (WDD) [22] for the analysis of the refractive index behavior in the transparent region is given in Fig. 6 . This dispersion model establishes the relation between the refractive index and the strength of the oscillator A (A = E d /E 0 ) as follows:
where E denotes the energy of incident photons, E 0 is the effective energy of oscillator and E d is a dispersion parameter, which indicates the strength of optical interband transitions. Experimental data fitting is illustrated in Fig. 6 , and the numerical values are summarized in Table II . The relation between the parameter E d and the changes in the structure of glass network is illustrated with empirical equation
where β = 0.37 ± 0.04 eV [23] in case of covalent bonding (dominant in chalcogenide glasses), N c is the coordination number of nearest cationic neighbors of anions, Z a is the formal valence of the anion and N e is the effective number of valence electrons per anion. The parameters from Eq. (4) (the effective energy of oscillator E 0 and dispersion parameter E d ) are obtained by fitting the experimental data. Given the parameter E 0 corresponds to the distance between the "centers of gravity" of valence and conduction bands, its decrease with the higher impurity atoms content indicates the agreement of WDD analysis with the results of spectroscopic measurements ( Table I ).
Considering that the energy of effective oscillator is associated with the energy of various chemical bonds in the investigated material [24] , the reduction of E 0 may be explained by the formation of new structural units of Bi-S type with a lower binding energy (315.5 kJ/mol), replacing the As-S bonds (379.5 kJ/mol) [25] . Regarding the dispersion parameter E d values (Table II) , one concludes that the introduction of Bi in As 2 S 3 matrix increases the strength of the optical interband transitions. Following Eq. (5), N c and N e parameters have the dominant influence on the oscillator strength. The increase of the static refractive index as a function of Bi content is in accordance with the absorption edge shift toward lower frequencies (Fig. 1) . It should also be noted that the frequencies of the oscillator expectedly fall in the UV region of the spectrum.
WDD analysis also enabled the calculation of the static refractive index n ∝ = 1 + E d /E 0 and the mean frequency of electron oscillator ν 0 = c/λ 0 d. The obtained values are given in Table II. Applying WDD model for the description of refractive index dispersion of investigated glasses also enabled the establishment of correlation between linear and nonlinear optical quantities. The nonlinear refractive index values of glassy quasibinary system Bi-As 2 S 3 are calucated from the Fournier and Snitzer equation [26] : 
where N is the number of atoms per volume. The calculated values are represented as a dispersion curve in Fig. 7 . According to the results illustrated in Fig. 7 , the nonlinearity significantly increases with the content of impurity atoms. The nonlinear refractive index n 2 exhibits analogous dispersion behavior as the linear refractive index n (Fig. 5) . Also, n 2 of investigated materials in this paper is higher by two orders of magnitude in comparison to As 2 S 3 [27] , and even four orders of magnitude in comparison to pure silica [28, 29] . According to the spectroscopic results (Table I ) and the Moss rule [30] this can be explained as the consequence of reducing of the optical gap with Bi atoms introduction. Moreover, due to the large nonlinearity, the lower power and shorter interaction lengths are required for possible applications. The values of nonlinear refractive index of about 10 −17 m 2 /W could indicate the potential applicability of the investigated glasses in telecommunication devices that operate on λ ≈ 1.5 µm. Given that the peaks in the energy spectrum of the nonlinear refractive index and nonlinear absorption in amorphous semiconductors occur at 0.5-0.9E g [31] , the materials having the optical band gap in the range of 1.0-1.6 eV feature optimal values of nonlinear parameters. However, the practice has shown that the materials with a slightly larger optical band gap (E g ≈ 1.8 eV) and n 2 ≈ 10 −17 m 2 /W satisfy the requirements for applications in telecommunication devices [32] , which is explained by the existence of energy states in the tails of valence and conductive band, limiting the optical transparency. Thus, the systems under investigation may be used as optical materials for high speed communication fibers and also in optical limiting devices.
Conclusion
The analysis of the absorption coefficient dispersion curves have shown that the weak absorption tail amplitude decreases and the absorption edge shifts to the lower energies as a function of Bi content. The reduction in the optical band gap is also found. Based on the tail width estimation of the localized states and the Raman spectra analysis, it was concluded that the effect of doping on the structural disorder is the largest for the minimum concentration of the introduced bismuth atoms (x = 1.5 at.%). The substitution and consequently incorporation of dopant atoms into the structural units of matrix starts with increase of the dopant atoms content. The analysis of the refractive index of studied glasses show normal dispersion and increasing trend of parameter n with Bi content. We have shown the agreement of the Wemple-di Domenico dispersive model with our spectroscopic measurements. Obtained results for nonlinear refractive index may be the path toward more sensitive optical limiting devices, indicating potential use of these glasses as optical materials for high speed communication fibers.
